Lean or dilute spark-ignition engine operation can provide efficiency improvements relative to that of traditional wellmixed stoichiometric spark-ignition operation. However, to maintain a sufficiently short burn duration with the directinjection spark-ignition engine hardware of the current study, mixed-mode combustion is required for operation with f \ 0.6. Such mixed-mode combustion uses a combination of deflagration and end-gas autoignition whereby the pressure rise of the deflagration-based combustion compresses the end-gas reactants to the point of autoignition. For better understanding of the transition from deflagration to autoignition, it is desirable to apply optical diagnostics. However, with the use of a single centrally located spark plug, the end-gas is found at the periphery of the combustion chamber, where it is difficult to examine optically. To overcome this, two additional spark plugs were mounted in the pent-roof gables (called East and West). Performance testing was performed for five different spark strategies: Central Only, EastWest, ALL Three, East Only, and West Only. The five spark strategies are combined with swirl or no-swirl operation for a total of 10 f-sweeps. A high-octane E30 fuel is used here, and intake heating is used to promote both lean combustion stability and end-gas autoignition. The best lean combustion stability is found for the ALL Three spark strategy, followed by the East-West and Central spark strategies, enabling stable mixed-mode spark-ignition combustion for f down to 0.50 and 0.55, respectively. Here, operation without swirl provides the most stable combustion. High-speed imaging of ultra-lean operation without swirl at f = 0.55 using the East-West spark strategy reveals that the transition from deflagration to end-gas autoignition frequently occurs within the view offered by the small piston-bowl window. These results encourage future optical investigations of fuel effects on this transition process, but a larger piston-bowl window is recommended.
Introduction
The quest for improved engine efficiency is forced by ever stricter fuel-economy legislation. At the same time, there is interest in developing alternative fuels that are based on non-petroleum feedstocks. Lean operation or operation with exhaust gas recirculation (EGR) can improve the thermal efficiency relative to throttled stoichiometric spark-ignition (SI) engine operation, but the fuel-economy gains depend on several factors. These include fuel type, dilution type (air or EGR), and intake temperature, as documented in a recent study.
Maintaining the 10%-90% burn duration below 30°CA is a requirement if fuel-economy gains are to be realized, 2 and this is one of several challenges associated with lean or EGR-diluted operation. Increased tumble has been shown to increase turbulence, burn rates, and EGR-dilution tolerance, 3 but it is unclear if this approach offers sufficient dilution tolerance to maximize thermal efficiency. On the other hand, mixed-mode combustion can ensure a short burn duration by utilizing autoignition of the end-gas located ahead of the turbulent flame. 1 Although dubbed mixed-mode combustion in this study, it is conceptually the same as spark-assisted compression ignition (SACI) or spark-induced compression ignition (SICI) combustion studied by others. [4] [5] [6] The main differences are that a larger fraction of the combustion is flame based, and that the level of internal residuals (or external EGR) SACI or mixed-mode is much lower. For both SACI and the current mixed-mode approach, increased combustion noise is a concern. By utilizing high dilution rates and stable deflagration, local heat-release rates of the autoigniting end-gas can be maintained sufficiently low so that pressure oscillations are not induced. Even so, the transition from deflagration to autoignition is not well understood, prompting optical engine studies. However, with a conventionally located spark plug near the center of the combustion chamber, the transition from deflagration to autoignition occurs at the periphery of the combustion chamber where it is challenging to probe optically with the hardware used here.
It should be noted that others have studied SACI end-gas autoignition optically. 5, 6 However, most optical studies have focused on stoichiometric operation in support of traditional knock mitigation. [7] [8] [9] Furthermore, often some compromise had to be made in these studies, either in terms of the fuel (lower RON) or the geometry (e.g. not a four-valve engine). For example, Katsumata et al. 10 used a rapid compression machine and mostly lower-octane fuels to study in detail abnormal stoichiometric SI combustion. Kawahara et al. 11 visualized autoignition and pressure waves associated with knock for stoichiometric SI engine operation using hydrogen fuel and a cylinder head that was modified to allow viewing the end-gas near the cylinder wall.
This study investigates the use of two additional spark plugs to improve the ability to optically probe the end-gas autoignition in the current four-valve direct-injection spark-ignition (DISI) engine, operating very lean. By installing one spark plug in each pentroof gable, the resulting two turbulent flame fronts can potentially compress a centrally located end-gas volume. Clearly, such studies need to be interpreted with care since the thermal and flow conditions in the central part of the combustion chamber can be different from those near the cylinder walls where the end-gas is located for conventional operation with a central spark plug.
Experimental setup and procedures

Research engine
The engine used for the experiments is a single-cylinder four-valve research engine that can be set up in two configurations: an all-metal configuration for continuously fired performance testing, or in a nearly identical optical configuration for imaging studies. The piston has a moderately deep piston bowl to aid the stratification of fuel for spray-guided stratified-charge operation, as illustrated in Figure 1(a) . However, for these tests, triple injections during the intake stroke were used to generate a relatively well-mixed charge, and the injection pressure was maintained at 170 bar.
Engine specifications are given in Table 1 . For all data, the phasings of the cam shafts relative to the crank shaft were maintained constant and set to provide both low residual levels and high volumetric efficiency. 12 To vary in-cylinder swirl and tumble levels, operation with one or two intake valves was used ( Table 1 ). The air was metered into the intake system using a sonic-flow nozzle. The engine speed was maintained at 1000 r/min for all experiments using an electrical motor connected directly to the flywheel of the engine.
Spark-plug installation
Originally, the cylinder head was equipped with only a centrally located spark plug, here dubbed ''Central,'' as shown in Figure 1(b) . Like previous studies, this Central spark plug was a long-reach single-point J-gap type, supplied by NGK. It was connected to a conventional high-energy inductive spark coil, supplied by Bosch (model ZS-L 1x1E). For this particular study, two identical long-reach single-point J-gap NGK spark plugs were installed in the pent-roof gables, here dubbed East and West based on the fixed orientation of the engine in the lab, as per Figure 1 . Each of these pent-roof spark plugs was powered by a conventional high-energy inductive spark coil supplied by Diamond Electric (model FK0425-KAI). For practically all the tests reported here, the charging times of the primary coils were set to provide a spark energy of nominally 85 mJ being delivered to each of the three spark plugs. Also, for all three spark plugs, the spark-gap distance was set to 1.0 mm. For the West spark plug, the installation was straightforward due to the piston-bowl wall cut-out. This cut-out is a design feature that enhances the view into the piston bowl for optical studies that incorporate a quartz side window 12 However, for the East spark, a notch had to be cut in the piston top to avoid interference between the spark-plug electrodes and the piston at top dead center (TDC) (Figure 1(a) ). However, for the spark-timing (ST) sweep presented in the ''Results'' section, a multi-pulse (MP) transientplasma ignition system was used instead, as described in Sjo¨berg and Zeng. 1 In this case, only the Central spark location was active.
Optical diagnostics setup
For the high-speed flame imaging presented in this article, the engine was equipped with a quartz window in the piston bowl. This window had a concave (R = 25 mm) lower surface to enable a wide-angle view into the combustion chamber, as shown in Figure 2 (a) and 8. The setup is shown in Figure 2 (b), with the cameras placed on an optical table located on the west side of the engine. In this study, only the lower Phantom v710 camera was used, providing flame imaging through the piston-bowl window via a 45°Bowditch mirror and a camera lens with a focal length of 180 mm, fully open with f/2.8. The camera was synchronized to the crank shaft encoder of the engine, acquiring one image each 0.3°CA, which corresponds to a frame rate of 20 kHz at 1000 r/min. The exposure duration was 48 ms, corresponding to 0.29°CA. The Complementary Metal Oxide Semiconductor (CMOS) sensor of the monochrome Phantom v710 camera used in this study is sensitive in the range of 350-900 nm, and no filters were used. Therefore, broadband luminosity was collected from both flame fronts (chemiluminescence) and hot combustion products (thermal emission).
In this optical configuration, the engine was operated similarly to the all-metal operating points (i.e. using the same engine speed and injection timings), but with a shorter run duration using a Fire3-Skip9 sequence, which was implemented to lower the risk of quartz window failure due to thermal stresses. To compensate for the 25% duty cycle of the skip-fired optical Stepped-hole, min. dia.= 0.125 mm operation, the coolant temperature was elevated to 90°C, which is higher than 75°C used for the all-metal tests. All images presented here were acquired on the third fired cycle of each sequence to ensure proper temperature and composition of the residual gases.
Fuel
An E30 fuel was used for this study. It was prepared inhouse by blending a Haltermann certification gasoline with anhydrous high-purity ethanol in 70%/30% proportions by volume. Some properties of this E30 fuel are given in Table 2 , and details on the certification gasoline are found in Sjo¨berg and Zeng. 1 It can be noted that the RON number of this E30 blend is high, which makes it more difficult to achieve mixed-mode combustion as compared to the use of lower RON fuels. 1 
Experimental procedure
For each operating point using the all-metal engine configuration, the engine was allowed to run for several minutes until all measured parameters were stable, at which point data were acquired. Fuel-flow rate and thermocouple readouts were averaged over 1 min. The in-cylinder pressure, spark current, intake and exhaust pressure, and fuel pressure were acquired for 500 consecutive cycles using 0.1°CA crank-angle resolution. For the in-cylinder pressure, an uncooled Kistler 6125C piezoelectric sensor was used in combination with a Kistler 5010B charge amplifier.
The apparent heat-release rate (AHRR) is computed from the in-cylinder pressure for each individual cycle using a constant ratio of specific heats (g = 1.33) and disregarding heat transfer. 13 In this study, the crank angles (CA) are referenced as after top dead center of the combustion stroke.
To quantify the instability of the net indicated mean effective pressure (IMEP n ), the standard deviation (SD) of IMEP n is first computed for all 500 cycles. As a measure of the relative IMEP n instability, the corrected standard deviation (CSD) of IMEP is computed using equation (1)
This is identical to the traditionally used coefficient of variation (COV), except that the denominator has been corrected for heat-transfer and blow-by losses of a motored cycle. The difference in IMEP for fired and motored operation equals the IMEP rise caused by the combustion event. This definition allows the relative IMEP instability to be consistently evaluated even for operation with IMEP near zero or negative 14 (e.g. idle operation or vehicle coasting).
Results
All experiments were conducted at 1000 r/min. The fuel mass per cycle was first established for stoichiometric operation. The target was to achieve IMEP n = 350 kPa, and 17.8 mg of E30 fuel was required. For all subsequent data points at other f, this fuel mass was held constant. Stoichiometric operation with 17.8 mg of E30 fuel is highly throttled due to the relatively low load, with an absolute intake pressure (P in ) of only 51 kPa. As the charged is leaned out by metering more air into the intake system, the intake pressure rises. For the leanest operating points, P in reaches 97 kPa. Table 3 shows the five different ignition strategies that were examined in this study, as well as indicating the markings that are used in subsequent figures. For the ''ALL'' ignition strategy, all three spark plugs were fired simultaneously. Likewise, for the ''East-West'' ignition strategy, both gable-mounted spark plugs were fired simultaneously. Furthermore, Table 3 shows that two intake-flow configurations were used, for a total of 10 f-sweeps. For all operation with intake swirl, the southwest (SW) intake valve was deactivated, as shown in Figures 1(b) and 2(a) .
All presented all-metal f-sweeps were acquired with T in = 100°C to promote end-gas autoignition. This is also true for the presented ST sweep. In the case of optical imaging of end-gas autoignition, the intake temperature (T in ) was elevated further from 100°C to 121°C to compensate for the comparably short run time. However, the flame imaging presented in Figures  3 and 4 did not use intake heat, so T in = 30°CA.
Lean operation with T in = 30°C
To illustrate basic effects of the ignition strategy used, selected result for lean unheated operation is discussed, including representative examples of flame images. Figure 3 shows how the ensemble-averaged AHRR varies between spark strategies for a fixed ST of 229°CA, with results for swirl in Figure 3(a) , and without swirl in Figure 3(b) . Regardless of swirl, operation with ALL Three provides the fastest AHRR rise and highest peak AHRR, which is consistent with having three flame fronts developing simultaneously.
In strong contrast to the behavior of the ''ALL'' configuration, using the East spark plug renders the most delayed combustion phase. This effect is particularly pronounced for operation with swirl. The delayed combustion is partly caused by a slow flame development due to limited gas volume near the East spark gap. As mentioned in conjunction with Figure 1(a) , the space available for installing the East spark plug was so limited that it was necessary to create a clearance notch cut-out in the east ridge of the piston top. In the top row of Figure 4 , it is shown that the flame front of the East spark is propagating diagonally, as a result of the counter-clockwise in-cylinder swirl. It also takes 29 + 7.2 ' 36°CA for the flame front of the EastSwirl case to reach the central portion of the combustion chamber. In contrast, the typical flame for the East spark without swirl scenario is propagating faster, and with a flame front that is not slanted.
In comparison with the East spark, the West spark has a faster inflammation, especially for operation with swirl. This is explained by the existing piston-bowl wall cut-out, which increases the available gas volume near the West spark gap, directly enhancing the flame development. Presumably, a larger volume also leads to a reduced influence of heat losses that tends to slow the flame development. For the West spark with swirl, Figure 4 shows that it takes '28°CA for the flame front to reach the central parts of the combustion chamber. The effect of in-cylinder swirl is clear also for the West strategy, with the flame zones shifted to the right for the case with swirl.
For operation with swirl, the East-West spark strategy results in an AHRR trace that is comparable to the Central spark. For operation without swirl, the Central spark has an earlier rise of AHRR, consistent with a faster flame development shown in Figure 4 . Regardless of swirl, the flame development is very different between the East-West and Central scenarios, as expected. For East-West, clearly defined flame fronts from each spark plug typically meet within the central view offered by the piston-bowl window. Especially, for operation with swirl, the typical end-gas location between the two flame fronts is biased toward the East part of the combustion chamber (upper part of the image), consistent with the slower flame development from the East spark plug. For studying end-gas autoignition, optical engine tests show that the end-gas can be better centered by advancing the ST of the East spark plug compared to the West. However, those results are not shown here.
With respect to the effect of spark strategy on inflammation and AHRR, these results are surprisingly similar to those of Nandakumar Kartha et al., 15 who studied stoichiometric operation of a smaller (199 cc) engine. Like the current study, they found that operation with three spark plugs provided the highest peak AHRR and the fastest ST-to-CA10 inflammation. Furthermore, operation with either of the side-mounted spark plugs resulted in a strong reduction of the peak AHRR, albeit not as extreme as for the East sparkSwirl combination of the current study.
Mixed-mode combustion
The main objective of this study is to examine the feasibility of using a four-valve DISI engine for optical diagnostics of the transition from deflagration to autoignition for lean mixed-mode combustion. Figure 5 provides an example of the importance of combustion phasing on the combustion process. For stoichiometric operation, CA50 for highest efficiency is usually in the range of 8-10°CA. However, if CA50 is maintained around 10°CA for lean operation, the combustion duration becomes excessive, as shown in Figure 5 (a). Figure 5(b) illustrates that in particular, the burn-out phase becomes very long, with heat being released during the expansion stroke where it is not converted efficiently to piston work. When the combustion phasing is advanced, the increased pressure rise induces end-gas autoignition, which speeds up the burn-out process. The autoignition-based combustion is sufficiently strong and repeatable that it produces a second AHRR peak on the ensemble-averaged AHRR trace shown in Figure 5(b) .
In this example, a 10%-90% burn duration less than 30°CA is achieved when CA50 is advanced to 2°CA, as plotted in Figure 5(a) . Analysis of the data reveals that the two most advanced data points in Figure 5 (a) also have the highest indicated thermal efficiency, highlighting the importance of maintaining short burn duration in order to gain efficiency by operating lean.
The combustion-phasing sweep presented in Figure 5 was acquired previously in support of another study in the same engine, 1 using the same E30 fuel as the current study. The only difference is that a MP transient-plasma ignition system was used for the data in Figure 5 . The reduced cycle-to-cycle variability offered by the MP ignition system makes it possible to use ensemble-averaged AHRR traces to demonstrate clearly the appearance of a second AHRR peak when mixed-mode combustion is induced. Even so, the combustion principle remains the same when conventional spark ignition is used.
Heated f-sweeps
In the following, selected results are presented from the 10 f-sweeps listed in Table 3 . For all data, an electrical heater was used to maintain T in = 100°C. For each data point, the ST was adjusted to account for changes to spark strategy, intake flow, and f.
The ST strategy had the following priorities: Figure 4 . Typical flame-spread pattern for each of the five spark strategies plotted in Figure 3 . Crank-angles of selected images vary between spark strategies as noted here, and also indicated by symbols on the AHRR traces of Figure 3 . The orientation of the images is indicated in the East-Swirl case, and an approximate length scale is given in the West-Swirl case. 1. Avoid misfires; 2. Avoid strong audible knock; 3. Achieve maximum IMEP n .
For f 4 0.55, maximum IMEP n was typically realized when combustion phasing was advanced sufficiently to induce mixed-mode combustion.
Combustion stability. To provide an overview of the performance of the different spark strategies, Figure 6 shows relative IMEP n instability as a function of f for the 10 f-sweeps listed in Table 3 . With a 3% limit on the acceptable IMEP variability, it can be observed that the lean limits are highly affected by both spark strategy and intake-flow conditions. The worst spark strategies are East and West. This is consistent with the slow inflammation shown in Figures 3 and 4 . The East-No Swirl strategy displays a particularly high IMEP instability, even for moderately lean operation at f = 0.70. The fact that its trend is non-monotonic raises suspicion that non-uniform fuel distribution is adversely affecting this strategy. Furthermore, the worse performance of EastNo Swirl case compared to the East-Swirl case is inconsistent with the results in Figures 3 and 4 . On the other hand, the non-uniformity of the fuel distribution is likely affected by both the intake pressure and intake temperatures.
Under lean conditions, the highest stability is found for the ALL Three spark strategy, followed by the EastWest and Central strategies. For each of these, no-swirl operation provides a benefit, which will be examined in the following section. For now, it can be noted that the benefit of no-swirl operation on lean stability limits is particularly large for the Central spark, and that is consistent with observed faster inflammation in Figures 3  and 4 .
The use of dual ignition sites to extend the lean stability limits has been studied by others. For example, Yamaguchi et al. 16 studied both laser ignition and conventional ignition in a medium-size engine. In either scenario, changing from one to two ignition locations extended the lean limit by an amount that is comparable to that shown here in Figure 6 between the Central and East-West strategies for operation with swirl.
Inflammation speed and other factors for ALL Three and EastWest. Going forward, the discussion is focused on the ALL Three and East-West spark strategies since those have best potential for stable lean operation and imaging of engine-gas autoignition. Figure 7(a) and (e) shows the inflammation time, here defined as Spark to CA10, as a function of f. The lowest-f data points for both ALL Three and East-West spark strategies exhibit faster inflammation when no swirl is used, and this correlates with lower IMEP instability as shown in Figure 6 . This is consistent with observations in Sjo¨berg et al., 12 which attributed faster inflammation as a major contributor to improved lean IMEP stability. However, it is unclear why no-swirl operation provides a faster inflammation for the leanest operating points. This could be a topic for future research.
For these data sets, increased thermal efficiency is typically an additional advantage of no-swirl operation, and Figure 7 (b) and (f) demonstrates this for stoichiometric operation. For both ALL Three and East-West spark strategies, Figure 7 (c) and (g) shows that CA50 for peak efficiency is near 10°CA for f = 1. Hence, the lower thermal efficiency for operation with swirl could potentially be explained by increased heattransfer losses, an effect that has been observed in other engines. 17 For lean operation with the East-West spark strategy, no-swirl operation shows a consistent efficiency benefit. In contrast, the ALL Three strategy does not show a benefit of no-swirl operation in the range of f = 0.5-0.6. The lack of benefit of no-swirl operation is explained by the overly advanced CA50, as shown in Figure 7 (c). It is unclear why such an advanced CA50 is required to achieve highest IMEP n for each f (see discussion of ST strategy above), but the similarly short 10%-90% burn duration in Figure  7 Of all 10 f-sweeps, the East-West no-swirl operation achieves both the highest relative efficiency gain (20%) and the highest absolute thermal efficiency. Therefore, the high-speed imaging presented below corresponds to the operating point indicated in Figure 7 (f). 
High-speed imaging of end-gas autoignition
Based on the all-metal results, high-speed imaging was performed for operation with both ALL Three and East-West spark strategies, both with and without intake swirl, using T in ' 120°C. The images were examined manually for roughly 50 cycles of each operating point. Regardless of swirl, end-gas autoignition was frequently visible via the piston-bowl window for operation with the East-West spark configuration. Due to the slow flame development from the East spark (as illustrated in Figure 4) , the end-gas could be better centered within view by advancing ST of the East spark by 5°CA relative to the West spark. For the ALL Three spark strategy, operation without swirl typically rendered a symmetric flame development and the end-gas autoignition was seldom visible. However, the combination of ALL Three and swirl occasionally offered a view of the end-gas autoignition in the southeast part of the visible area due to a swirl-induced asymmetry of the flame development. Figure 8 provides an example of how the flame structure and combustion luminosity correlate with the pressure-derived AHRR for one cycle where the endgas autoignition is clearly visible within the wide-angle view offered by the piston-bowl window. The East-West spark strategy is used with a ST of 246°CA for both spark plugs, and no swirl is used. Compared to Figures  2(a) and 4, the camera was positioned slightly further away from the engine, so Figure 8 includes a reference image that differs slightly from that of Figure 2(a) .
In this cycle, the two flame fronts start to interact around 27°CA. At the time of peak AHRR, the two flame fronts have merged into one, and within view, unburned reactants are only found in the 9-10 o'clock direction. After TDC, the flame spread into the unburned zone seems to slow down temporarily. However, at 4°CA, the previously relatively dark area lights up quickly, indicating autoignition. Consistent with this, the AHRR shows a second peak. Apparently, the autoignition-based combustion phase passes quickly and already by 6.7°CA, this area becomes less luminous than the surroundings while the AHRR falls rapidly. These observations are consistent with the optical studies of Ma et al., 18 who used a single spark plug and n-heptane as the fuel. It should be noted that the residual light emission for the last frame in Figure 8 is dominated by thermal emission from O 2 and H 2 O, 19 especially for those regions that burned early and were subsequently compressed to even higher temperatures. For future work, adding a short-pass filter (e.g. \ 650 nm) is recommended in order to suppress this thermal emission. Furthermore, future work should beneficially use a larger piston window so that the endgas autoignition is clearly visible for a larger fraction of the engine cycles.
Conclusion
Both spark location and intake-generated flow are important for the flame development and combustion stability of lean SI engine operation. Fast flame development is important for stable lean combustion, and here the spark strategies with ALL Three and EastWest exhibit the fastest inflammation. Operation with the East spark plug has particularly poor lean performance, partly due to the limited gas volume near its spark gap that leads to slow inflammation, but also possibly due to inhomogeneous or inconsistent fuel distribution in this part of combustion chamber.
For all spark strategies except the East spark, operation without swirl provides more stable lean combustion. Furthermore, it was noted that the use of intake-generated swirl reduces the thermal efficiency slightly, which may indicate increased heat-transfer losses.
Mixed-mode combustion (deflagration to end-gas autoignition) can ensure sufficiently short burn duration for ultra-lean SI operation so that a relative efficiency gain of roughly 20% can be realized. Such mixed-mode combustion is possible even when using an E30 fuel with a high RON of 105. Optical diagnostics of the transition from deflagration to end-gas autoignition is important for both providing a more complete understanding and for supporting the development of well-validated Computational Fluid Dynamics (CFD) models.
Optical engine testing indicates that operation with East-West spark plugs is most promising for probing end-gas autoignition in central locations of the combustion chamber. These results encourage future optical investigations of fuel effects on this deflagrationto-autoignition process. Even so, a larger piston window is desirable so that the end-gas autoignition is clearly visible for a larger fraction of the engine cycles.
